Dynamical, electro-dynamical and electrical coupling processes originating from upward propagation of atmospheric waves, and magnetosphere-ionosphere interaction are responsible for the large degree of variabilities observed in the low latitude ionosphere. One of the most outstanding aspects of its phenomenology is related to the sunset electrodynamical processes responsible for the evening enhancements in zonal and vertical electric fields and the associated spread of F/plasma bubble irregularity development. Recent observational results have provided evidence of significant contribution to their quiet time variability arising from thermospheric wind patterns, upward propagating planetary waves and possibly sporadic E layers. This paper provides an overview and some new results on planetary wave coupling with the equatorial F region, the E layer conductivity as key connecting mechanism, a possibly interactive role by sporadic E layers, and the resulting day-to-day variability in the evening prereversal electric field enhancements with consequences on spread F development.
Introduction
Coupling processes involving different external forcing mechanisms are responsible for the major phenomenology and the day-to-day variabilities of the equatorial atmosphere ionosphere system. Forcing by vertical coupling through upward propagating atmospheric waves, as tidal modes, gravity waves and planetary waves etc, is a well recognized source of variability, (e.g., Forbes, 1996; Pancheva et al., 2002; Abdu et al., 2006a, b; Fukao, 2006; Ogawa et al., 2006) , while enhanced ionosphere-magnetosphere coupling processes during episodes of space weather disturbances and changing solar radiation flux provide another important source of the variabilities. Extensive investigations have been conducted in recent years aimed at gaining a better knowledge of these forcing mechanisms vis-vis the ionospheric and atmospheric responses in quantitative as well as qualitative terms. Such knowledge is necessary for developing predictive capabilities on such variabilities. While we have a good deal of knowledge on the response characteristics of the low latitude ionosphere-thermosphere system to forcing from interplanetary and magnetospheric processes, our knowledge of the vagaries of the system arising from the vertical coupling processes involving wave disturbances originating from lower atmosphere is very limited indeed. Whether they originate from the lower atmosphere or by external forcing from above, the variabilities occurring during the evening to post-sunset and night hours have Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. specific significance, the main reason being that sunset electrodynamic processes play a fundamental role in shaping the post-sunset equatorial ionization anomaly and plasma bubble irregularity distribution that impact on diverse space application systems. This paper will focus on some aspects of the vertical coupling processes highlighting the consequences on the sunset electrodynamics and related problems, paying particular attention to the possible causes of the widely observed day-to-day variability in the evening prereversal electric field enhancement (EPE) and equatorial spread F(ESF)/plasma bubble development conditions.
The entire vertical coupling process can be seen as a twostage process: (a) dynamic processes by which the wave energy from the lower heights/regions (troposphere and stratosphere) propagates to higher levels in middle atmosphere and lower thermosphere (MLT) regions (including the lower E-region heights); (b) the subsequent sequences in which the electrodynamic processes take over at height levels near and above the E layer extending well into the F region. In this paper we intend to briefly evaluate some recent results concerning mainly the aspect (b) and discuss their implications further, based on some new results and interpretations, to lead to a better understanding of the quiet time variability of the equatorial F region vertical plasma drifts and ESF irregularity generation processes. The possible interactive roles of the evening sporadic E layers in these processes will also be discussed. The results are organized into sections 'Some considerations on sunset electrodynamics'; 'Planetary wave effects on evening F layer heights, prereversal electric field enhancement and ESF'; 'Sporadic E layers and EPE: interactive roles'. The results are then dis- Fig. 1 . A scheme of the processes leading to the development of the evening prereversal electric field (EPE) and equatorial spread F (ESF). Fig. 2 . F region vertical drift as modeled by the TIEGCM (Fesen et al., 2000) (upper panel) and that modeled by the formulation by Heelis et al. (1974) . The amplitude of the EPE increases with decrease in night-time electron density as modeled by the TIEGCM and by the increase in the sunset conductivity/electron density local time/longitudinal gradient as modeled by the Heelis et al. (1974) formulation.
cussed and a conclusion drawn.
Some Considerations on Sunset Electrodynamic Processes
The ionospheric dynamo driven by the wind systems at E-and F-layer heights, in the presence of the conductivities and the geomagnetic field, are responsible for the major phenomenology of the low latitude region. With the decay of the E layer conductivities, the F layer dynamo electric fields begin to dominate towards the evening and night hours. The immediate manifestation is the development of the evening prereversal electric field that develops under the action of an eastward thermospheric zonal wind in the presence of the longitudinal/local time gradient in the integrated E layer Hall and Pedersen conductivities across the sunset terminator (Rishbeth, 1971; Heelis et al., 1974; Batista et al., 1986) . A scheme of the processes leading to the development of the EPE is presented in Fig. 1 wherein the longitudinal/local time gradient in the integrated conductivity at sunset hours denoted as SS.
is shown acting together with the thermospheric zonal winds as the basic cause of the EPE development. We may point out that the mechanisms widely believed to operate in the development of EPE involve longitudinal gradients in the Pedersen conductivity that works for the F layer dynamo, as first explained by Rishbeth (1971) . Farley et al. (1986) have discussed the processes of F layer dynamo electric field interacting with conjugate E regions where the east-west Hall current interruption at the terminator could result in zonal electric field enhancement that constitutes the EPE. discussed the problem of EEJ current divergence at the sunset contributing to the EPE (see also, Eccles (1998) for an idea on the relative importance of these contributions in EPE development). Thus, the longitude/local time gradients in both the Pedersen and Hall conductivities are represented in the parameter SS.
indicated in Fig. 1 . The zonal electric field/vertical plasma drift pattern as modeled by the Thermosphere-IonosphereElectrodynamics General Circulation Model (TIEGCM) by Fesen et al. (2000) and that modeled of Batista et al. (1986) using the formulation by Heelis et al. (1974) , as adapted from Abdu et al. (2004) , are presented in Fig. 2 . Note that the amplitude of the EPE increases with decrease of night time electron density in the TIEGCM and equivalently by the increase in the negative gradient in the E layer density/integrated conductivity at sunset as modeled using the formulation by Heelis et al. (1974) . The enhancement of the eastward electric field of the EPE is followed by an enhancement in westward electric field (downward drift). The post-sunset horizontal plasma shear flow (Tsunoda et al., 1981) , characterized by a westward flow in the bottom-side F region below ∼300 km with eastward flow just above this height, constitute, together with the upward and downward flow just described above, the plasma vortex flow of which an example is shown in Fig. 3 , (left panel) taken from Kudeki and Bhattacharyya (1999) . A vertical cut through the vortex center produces the height variation of the vertical electric field near 19 LT (right panel) that has important consequences on the sporadic E layer development at offequatorial and low latitudes. There is an interactive role between the EPE and E s layers that occurs when these layers are present at the footprints of the field lines participating in EPS development. Recent observational results from inosondes/digisonds in Brazil have shown that the development of E s layers within appropriate latitudinal proximity to the dip equator can be disrupted under the action of the vertical electric field associated with the EPE development (Abdu et al., 2003; Carrasco et al., 2007) . This aspect will be pursued later in this paper. On the other hand, the integrated conductivity of a sporadic E layer could potentially negatively influence EPE development, as shown by model calculations by Carrasco et al. (2005) . This EPE-E s layer interactive role is also depicted in Fig. 1 (see also the sketch in Fig. 11 ). Also shown in this figure is the connection among the upward propagating planetary waves (PWs), the tidal modes and the PW-modulated tidal modes that could modify the E layer wind system (Pancheva et al., 2003; Haldoupis et al., 2004) with possible effects on the E layer conductivity sunset gradient leading to EPE modification (Abdu et al., 2006a) , as will be discussed in more detail later. The rapid uplift of the F layer under the action of the EPE is known to be primarily responsible for the development of the spread F/plasma bubble irregularities of the post-sunset equatorial ionosphere. The steep bottomside density gradient of the rising F layer becomes unstable to density perturbations, leading to instability growth by the Rayleigh-Taylor (R-T) mechanism. The requirement of a seeding source is also indicated in Fig. 1 . The instability growth by the R-T mechanism involves non linear rise up of the rarified plasma of the F layer bottom side to the topside ionosphere in the form of plasma depleted flux tubes/plasma bubbles, with the associated cascading process within the bubbles leading to irregularity formation in scale sizes ranging from a few centimeters to hundreds of kilometers (Haerendel, 1973) . The entire process constitutes an ESF development. Meter-scale irregularity generation has been shown to occur close to or before the terminator passage at the apex of the F region field line, as diagnosed by the Equatorial Atmosphere Radar (EAR) in Indonesia (Yokoyama et al., 2004) and the irregularity structures move eastward . The role of a thermospheric meridional (or a trans-equatorial) wind is to enhance the field line integrated conductivity that could retard the ESF development (Maruyama, 1988; Abdu et al., 2006c) , which could in turn diminish the intensity and limit the spectral extension of the secondary irregularities. The ESF irregularities present a large degree of variability on seasonal, day-to-day and shorter terms. While the causes of the seasonal variation are fairly well known (e.g. Abdu, 2001) , those of the day-to-day and shorter term variabilities are far from being identified due to our lack of detailed knowledge on the interdependent variability of the ambient parameters that control ESF development. One of the sources of such variability resides in what appears to be inherent in the nature of the seeding mechanism. In this respect, it is still being debated whether the seeding mechanism originates from a remote gravity wave source and/or a recently proposed local instability growth by velocity shear mechanism at the F layer bottom-side (Hysell and Kudeki, 2004) . Also under discussion is the possible role of a sporadic E layer instability mechanism for initiating the conditions for ESF development (Tsunoda, 2007) . More recently, an important source of the ESF day-to-day variability has been shown to arise from atmosphere-ionosphere coupling processes involving vertical propagation of planetary waves (Abdu et al., 2006a) . Ionosphere-magnetosphere coupling processes under magnetically disturbed conditions are also known to be an important source of ESF variability (Sastri et al., 1997; Abdu et al., 2003) .
Planetary Wave Effects on Evening F Layer Heights, EPE and ESF
Vertical coupling processes involving PWs are believed to play a significant role in the day-to-day variabilities widely observed in important parameters of the equatorial and low latitude ionosphere. Planetary waves of quasi 2-day and 3-to 5-day periodicities in equatorial mesospheric winds were reported by Gurubaran et al. (2001) and Vincent (1993) , respectively, and in mesospheric airglow intensity by Takahashi et al. (2005) . Planetary wave scale oscillations of different periods have also been identified in the equatorial electrojet current (EEJ) strength (Forbes and Leveroni, 1992; Forbes, 1996; Abdu et al., 2006b) and, more recently, in mesopause temperature and EEJ strength (Vineeth et al., 2007) , equatorial ionization anomaly (Chen, 1992) and equatorial F layer height and vertical plasma drift (Takahashi et al., 2005; Abdu et al., 2006a, b) . The influence of the PWs on the sunset electrodynamics can result in significant modifications in the intensity of the evening prereversal electric field enhancement and the post sunset F layer heights and, hence, play an important role in the widely observed day-to-day variability in the equatorial spread F/plasma bubble irregularity generation, which is primarily driven by the EPE. Recent analysis has provided evidence of a direct connection between the PW manifestations in mesospheric winds and the EPE with consequent variations in the equatorial spread F intensity/occurrence (Abdu et al., 2006a) . Figure 4 shows (top panel) the peak evening F layer vertical drift (V zp ) over the equatorial and low latitude sites, Cachimbo (9.47
• S, 54.83
• W, dip angle: −3
• ) and Campo Grande (20.44 • S; 54.64 • W; dip angle: −22
• ), respectively, in Brazil, as obtained during the October-December 2002 COPEX campaign . The V z was calculated from the time rate of change of the F layer height (the mean of the dh F/dt calculated at the plasma frequencies of 4 and 5 Hz), which is a realistic vertical drift for h F ≥ 300 (Bittencourt and Abdu, 1981) . There is a large difference in the V zp amplitudes at the two stations, the amplitude being significantly smaller over Campo Grande than over Cachimbo. The implications of these have been discussed in Abdu et al. (2007) . The important point to note is that there are large day-to-day variations in the V zp that are mostly in-phase at the two sites. While some of these variations could be caused by magnetic activity and solar flux variations (plotted in the lower three panels), there are variations of large amplitudes (such as those during the hatched intervals in Fig. 4 ) that are not possibly caused by the magnetic activity, which was quiet during these periods, or by the variations in F 10.7 . Some of these variations have been shown to be associated with upward propagating planetary waves. Figure 5 shows the V zp values (top panel) as in Fig. 4 and their wavelet power spectra (lower two panels) over the two sites. They appear well correlated at the two stations, except for some possible local effects at the two locations separated in North-South by ∼1200 km. The lower four panels present the wavelet power spectra of mesospheric zonal and meridional winds at 95 m and 100 m over Cachoeira Paulista (22.6
• S, 315
• E; . Data quality are poor above ∼500 km as a result of interference from JRO ionosonde. (Kudeki and Bhattacharyya, 1999) . Right panel A vertical profile of the vertical electric field from , which resembles the electric field to be obtained from a vertical cut of the vortex flow at ∼19:20 LT in the left panel. Note that the height axes of the two panels do not match, but the height of zero E z is about the same in both panels, which is near 300 m.
dip angle: −32 • ). (For details on the meridional and zonal wind measurements by meteor radar, see Hocking et al., 2001) . We may note in Fig. 5 the presence of oscillation periods in the power spectra, ranging from ∼3 to 7 days, during the interval from day 305 to day 320, that are common in the V zp and mesospheric winds. None of the major periodicities in the V zp or in the mesospheric winds appears to be related to those in the magnetic or solar flux indices, as can be verified from the wavelet power spectra of these indices plotted in Fig. 6 . Therefore, the day-to-day variations in the evening prereversal electric field do seem to contain a component driven by planetary waves. A wave decomposition analysis for this case by Abdu et al. (2006a) showed dominance of 4-to 5-day and 7-day periods in both the V zp and mesospheric winds that presented a downward phase propagation similar to that observed by Pancheva et al. (2003) from an analysis of sporadic E layer features and mesospheric winds.
Ultra Fast Kelvin (UFK) waves trapped in the equatorial latitude propagating from troposphere to ionospheric heights have recently been shown to cause significant modulation in the mesospheric winds, as measured by meteor radars and in post sunset F region parameters h F and f o F 2 , measured by ionosonde (Takahashi et al., 2007) . Figure 7 shows band-pass filtered wave oscillations of 3.5-day period in f o F 2 (top panel) and h F (middle panel) over Fortaleza and in the zonal wind at 90 m (bottom panel) over Cariri (7.4
• S, 36.5
• W). The ionospheric data correspond to 21 T (one data point per day), whereas the zonal winds are hourly mean values. The dominant oscillations in all these parameters that can be noted around day 66 presented downward phase propagation with a vertical wavelength of ∼40 km. From the propagation characteristics of these waves as diagnosed from measurements at widely separated longitudes and latitude, the UFK wave characteristics of these oscillations were identified. The upward propagation of these waves to ionospheric height, causing corresponding oscillations in the post-sunset F region densities and heights that are controlled by the EPE, was also verified. These results demonstrate the existence of a strong vertical coupling through upward propagating planetary waves leading to day-to-day oscillations in mesospheric winds, EPE and post-sunset F region parameters. A possible electrodynamic coupling mechanism connecting these oscillations will be addressed in the discussion section.
It is well known that the EPE and the resulting F layer height rise are major causes for the development of the postsunset ESF irregularities (Farley et al., 1970; Abdu et al., 1983; Fejer et al., 1999) . Thus, a major consequence of the PW oscillations in the EPE is its contribution to the dayto-day ESF variability widely observed under magnetically quiet conditions (Abdu et al., 2006a, b) . The statistical association between the V zp over Cachimbo and the ESF intensity over the same site as well as over two low latitude sites CG and CP are presented in Fig. 8 for the period October to December 2002 (see also Abdu et al., 2007) . (The spread F (SF) intensity is represented in terms of the increasing degree of range spreading indexed as 1, 2, 3, for details, see Abdu et al., 1983) . At Cachimbo, where the SF first develops and the irregularity strength appears to reach the well-developed stage typically within about 30 min or more, the spread F occurrence between 18 and 20 T is considered. At Campo Grande and Cachoeira Paulista where the SF occurs with some time delay (with respect to its occurrence over dip equator) due to the plasma bubble vertical growth time, the event intensities from 18 to 24 LT are considered. We note from the scatter plots that over Cachimbo the bottom side SF does not occur for V zp less than a threshold value of 25 /s. The threshold values of V zp for varying degrees of topside bubble developments, as indicated by the SF over CG and CP, are around 32-35 m/s. These threshold values are generally consistent with previous results (Fejer et al., 1999; Abdu et al., 2006c) . Overall, there is a trend of the SF intensity to increase with increasing V zp over all the sites. The degree of scatter in the SF intensity for a given V zp amplitude indicates additional factors shown in Fig. 1 that control the SF intensity, including (1) the amplitude of the seed perturbation (such as gravity waves) needed for the R-T instability mechanism to operate and (2) field line integrated conductivity depending upon thermospheric meridional/trans-equatorial winds (Maruyama, 1988; Abdu, 1997; Mendillo et al., 2001 ) of which some recent results have been presented by Abdu et al. (2006c . A discussion on the role of gravity waves in seeding the ESF is beyond the scope of this paper (but see the overview paper by Fritts et al. (2009) in this issue). The competitive roles played by items (1) and (2) in the ESF growth conditions can cause some ambiguity in the identification of the ESF variability as arising from a specific planetary wave episode whose effects on the EPE is more readily identifiable.
Evening Prereversal Electric Field Enhancement and Sporadic E Layers: Interactive Roles
When investigating the PW effects on ESF operating through the EPE (Fig. 1) it is necessary to examine some additional factors that affect both the EPE and ESF and the recently proposed interactive connection between the EPE and the evening sporadic E layers (Abdu et al., 2003; Carrasco et al., 2005 Carrasco et al., , 2007 ) is a case to be considered. Abdu et al. (2003) showed that sporadic E layer formation during post-sunset hours can be interrupted/disrupted under the development of the EPE of sufficient intensity, meaning that the EPE of a smaller than a critical value does not interrupt the E s layer development. Several examples of such cases were presented by Abdu et al. (2003) and Carrasco et al. (2007) . An interesting case of E s layer disruption is presented in Fig. 9(a) which shows the disruption of a sequential/descending E s layer at a height of ∼120 km at ∼18 LT when the F layer base height (h F) in its rapid ascent was at ∼300 m and when the vertical drift was >37 /s. The wind-shear responsible for the E s layer formation appears to have persisted for an extended duration so that the restructured E s layer at 21 LT continued its descent at the descent rate of the wind shear nodal point until past midnight. More examples of the E s layer disruption associ- ated with the EPE are presented in Fig. 9 (b) (taken from Carrasco et al., 2005) . The examples presented for a set of days in June 2001 show that for a large F layer uplift (left panel) corresponding to a mean vertical velocity of ∼35 m/s, a disruption of the ongoing E s layer formation occurred, whereas for another set of days (right panel), for which the mean vertical drift was ∼15 m/s, the ongoing E s layer was not disrupted. Such a result was explained by Abdu et al. (2003) in terms of the effect of the verti- cal electric field, associated with the EPE development, in causing vertical plasma transport at E layer heights. Depending upon whether directed upward or downward, such an electric field could retard or enhance the vertical ion convergence driven by a wind/wind shear mechanism basically responsible for the E s layer formation. An upward directed electric field can disrupt the vertical ion convergence while a downward electric field can enhance it (see Abdu et al., 2003; Carrasco et al., 2007 for further details). The vertical structure of the evening vertical electric field over the equator, associated with the EPE development, as modeled by , is consistent with the vortex plasma flow as measured by the Jicamarca Radar (Kudeki and Battacharyya, 1999) in the example shown in Fig. 3 . The local time of the vortex center could vary from one evening to another. While it occurred at ∼1920 LT in Fig. 3 , the modeling by , was done for 1900 T. The vertical structure through the vortex center consists of an upward directed field in the height region ∼90-300 km and a downward directed field above ∼300 km. When this electric field is field-line mapped to off-equatorial latitudes, we have an upward directed electric field over Fortaleza (3.9
• S, 38.45
• W, dip angle: −9 • ) and a downward directed electric field at a location farther away in latitude, such as Cachoeira Paulista. As explained by Abdu et al. (2003) , this situation leads to disruption of E s layer formation over Fortaleza while uninterrupted, or even enhanced, E s layer formation over Cachoeira Paulista during the EPE development. Results in support of this explanation were presented in Fig. 8 of Abdu et al. (2003) . More recently, a numerical simulation of the E s layer evolution in the evening hours was performed by Carrasco et al. (2007) using an E layer model that included all important molecular and metallic ions and electrodynamical and photo-chemical processes. Continuity and momentum equations, including the effect of the vertical electric field, were solved for the different species to obtain the E layer electron density vertical profiles. The vertical structure of the vertical electric field used in the solution was obtained from an E-F region electrical coupling model (Heelis et al., 1974; Batista et al., 1986) adapted for the Brazilian longitude (see Carrasco et al., 2007 for details) . Figure 10 (taken from Carrasco et al., 2007) shows in the left panel the results obtained for Fortaleza when no electric field was included in the calculation and the E s layer continues to be strong during the hours following sunset extending to midnight. On the other hand, the result plotted in the right panel was obtained by including the vertical electric field in the calculation, which shows E s layer disruption starting at ∼20 LT and its reconstitution after about 2 h. The electric field was directed upward (corresponding to westward plasma flow) in the F layer bottom-side until ∼300 km and downward directed above that height (eastward plasma flow), as depicted in Fig. 3 . The upward directed electric field is responsible for the E s layer disruption over Fortaleza simulated in Fig. 10 . The downward directed electric field at higher heights maps to higher latitudes, such as Cachoeira Paulista, where the E s layer should continue uninterrupted or enhanced, as was indeed observed (Abdu et al., 2003) . Note that the case of significant EPE that causes the E s layer disruption correspond to the conditions propitious for the ESF development. This situation can result in an anti-correlated variation between the post-sunset ESF and E s layer occurrences at latitudes closer to the equator (such as Fortaleza) but a positive correlation between them for latitudes farther away from the equator, such as Cachoeira Paulista (Abdu et al., 2006b ). Therefore, this relationship appears to clarify the negative correlation between ESF and E s layer occurrences reported for the equatorial station Jicamarca by Stephan et al. (2002) as opposed to the positive correlation between them reported for a low latitude site Chug-Li by Bowman and Mortimer (2003) .
Discussion
The EPE, E s layer and ESF phenomena are interconnected in additional ways by the E layer conductivity distribution in the evening hours. The field line integrated conductivities ( P and H ) and their local time/longitude gradients ( P and P ) are known to control/influence the EPE and ESF development. Thus, E s layers, present at the feet of the related field lines and which may possibly enhance the integrated conductivities, could modify the developments of the EPE and ESF. An evaluation of the E s layer contribution to the conductivity parameters is, however, a challenging task due to the limited horizontal extension of these layers and their heights in the evening hours being generally well below the height of the Pederson conductivity peak near 135 m (large majority of the E s layers are located approximately near 110 m in the evening hours). Stephan et al. (2002) have shown that an increase of integrated conductivity attributed to a presence of sporadic E layers could reduce the Rayleigh-Taylor instability growth rate and, hence, negatively influence the ESF development. A general enhancement in the field line integrated conductivity in the evening hours can cause a reduction in its gradient across the terminator. Such a reduction in the longitudinal/local time gradient in the conductivity can reduce the amplitude of the EPE, as can be verified from the modeling results presented in Fig. 2 wherein the amplitude of the EPE can be seen to increase (decrease) with increase (decrease) in the conductivity ( P ) local time gradient in the evening. A more detained modeling by Carrasco et al. (2005) considered different latitudinal ranges/bins of enhanced conductivity, and it was found that conductivity enhancement in a latitude range 6
• -8
• has the largest effect on the EPE. The E layer field lines at this latitude range have an apex height of 200-250 km, wherein the electron density has large gradient at the time of the maximum in EPE development. It appears, therefore, that the sporadic E layers possibly contributing to conductivity increases may produce the largest effect on the EPE when they occur in this latitude range more than when they occur anywhere else. Irrespective of whether the E s layer contribution to conductivity increase is large enough, it is worthy of note here that this latitude bin falls within the latitude range extending to either side of the dip equator wherein the E s layer can be disrupted by the upward directed electric field of a developing EPE discussed before (see also Abdu et al., 2003) . It was suggested by Abdu et al. (2003) that the latitude of the post sunset E s layer disruption may extend up to ±10
• depending upon the height of the nodal point (zero electric field) of the vortex flow over the equator. Indeed, the results from a conjugate point equatorial experimental (COPEX) campaign Batista et al., 2007) showed the coexistence of E s layers of significant intensity and spread F in the ionograms at the conjugate sites lo- . E layer electron density profiles obtained from model calculation by Carrasco et al. (2007) that shows the E s layer evolution by wind shear mechanism during the evening hours from 18 T to 24 T. Left panel shows the persistence of the E s layer when vertical electric field is neglected in the calculation. The inclusion of vertical electric field resulted in total disappearance of the E s layer starting at 20 T, and the restructuring the E s layer can be noted starting at ∼22 LT.
cated at ±12
• from the dip equator, as expected. On the other hand, it has been shown that EPE of the sufficient amplitude that can disrupt the E s layers (just mentioned above) can also cause ESF development, and thus we have a situation in which the ESF and E s layers may not coexist during the early post-sunset hours (as also mentioned above). The interactive connections among the E s layers, EPE and ESF based on the above reasoning are shown schematically in Fig. 11 . This figure indicates (a) the EPE as a main cause of ESF, (b) the EPE, through its associated vertical electric field, as contributing to E s layer disruption when this electric field is upward directed and (c) the E s layers, or possibly equivalently the P and P , as exercising more likely negative influences on both the EPE and ESF. (It should be pointed out here that the conductivity gradient due an E s layer may cause a decrease or even enhancement of the EPE intensity depending upon the sense in which the longitudinal gradient in E layer conductivity across the sunset terminator gets modified by its presence). We must keep in mind, however, that the interactive connection depicted in this figure is latitude dependent within certain latitude region centered on the dip equator. The role of PWs in the day-to-day variability of the EPE and, hence, of ESF appears to be relatively somewhat better perceivable in terms of the concerned interactive processes than is the case with the role of E s layers in such variability. In the former case, the important questions concern the connection between the PW oscillations in winds at mesospheric heights and the EPE, which involves considerations on the height regions in the ionosphere up to which the PWs could propagate. Model studies have been conducted on the vertical propagation characteristics of these waves (see, for example, Hagen et al., 1993; Miyoshi and Hirooka, 1999) . Due to the long vertical wavelength (>50 km), the UFK waves could penetrate into the mesosphere and even above 100 km, as pointed out by Forbes (2000) . As regards the more general classes of planetary waves, there currently appears to be theoretical difficulties in presenting their upward propagation to ionospheric heights (Hagen et al., 1993) so that their ionospheric manifestations have been attributed to the electrodynamic signatures of the PW modulated tidal modes interaction with the dynamo region (lower E region) of the ionosphere. In fact, evidence on the influence of PW-modulated atmospheric tides of diurnal and semidiurnal periodicities on midlatitude sporadic E layer formation has been provided by Pancheva et al. (2003) . Over the equatorial region, the generation of the EPE by E-and Fregion electrodynamical coupling processes makes it necessary that the PW effects reaching at least the E layer heights be the main cause of the oscillations observed in V zp . It was pointed out earlier that the two main factors that shape the EPE intensity are (1) the thermospheric zonal wind, which is eastward in the evening and (2) the longitudinal/local time gradient in the E region integrated conductivity. The EPE development has been explained by Rishbeth (1971) as arising from the curl-free conditions applied to the rapidly changing (from day-to night-side) evening F region vertical electric field as given by:
where U y is the thermospheric zonal wind, B 0 is the geomagnetic field intensity and E and F are the integrated conductivities, respectively, of the E-and F-regions (Abdu et al., 2006b) . Due to the faster post-sunset decay of E , as compared to F , E z tends to increase towards the nightside, and the application of curl-free condition to such an electric field could lead to the enhanced zonal electric field, as originally proposed by Rishbeth (1971) . It is not known Fig. 11 . A schematic of the relationship between the EPE, ESF and E s layers in the evening hours. Note the interactive relationship between the EPE and E s layer.
if the thermospheric winds could be modulated by the PWs, which in general do not propagate to such large heights. On the other hand, the amplitude of the EPE is very sensitive to the longitudinal/local time gradient in the E (Abdu et al., 2004) , which is determined by the post sunset ionization decay by recombination and the vertical plasma transport by tidal winds (possibly modulated by planetary waves as stated before). In the recent study by Abdu et al. (2006a) , it was shown that changes in the amplitude and phase of diurnal and semi-diurnal tidal modes can cause change in the conductivity longitudinal gradient that appears to be significant enough to modify the EPE amplitude. In this way, these results appear to provide evidence on the key role of the E layer conductivity, that is, the evening conductivity longitudinal/local time gradient for the discussed case, in the upward coupling of the PW effects into the equatorial F region.
As a further step towards verifying the role of the E layer conductivity, some additional results are presented in Fig. 12 wherein the analyzed data corresponds to the same period and site as in Fig. 5 . The h F values at a plasma frequency of 4 Hz during post sunset and post-midnight intervals, taken as the mean of the values during 21-23 T (19-21 T) and during 05-07 T (02-05 T), respectively, for Campo Grande, are plotted in the top panel of Fig. 11 with their wavelet power spectra plotted in the lower panels. The post-sunset F layer heights (h F) can be considered to be integrated values of the evening V z as given by: h F(t) = h 0 F + V z dt; here h 0 F corresponds to the starting height at approximately at 17 T, which is just prior to the onset of the evening height enhancement. The integration should be valid as long as the h F(t) continues to be ≥300 m, usually till around midnight for the Brazilian region. Therefore, the wavelet spectral analysis for the EPE and post-sunset F layer height should yield similar results. This appears to be nearly the case when we compare the results at 21-23 T in Fig. 12 with the V zp results for Campo Grande in Fig. 5 . The PW oscillations of similar periods (3-7 days) during the same day interval (around day 305) are evident in both parameters. On the other hand, the result for h F during the post midnight (05-07 T) interval does not show any corresponding PW oscillation, which appears to be a significant result. The reason for the PW oscillation not being present at these hours may be attributed to the fact that the EPE contribution to the h F does not extend to post-midnight hours. Note that the EPE intensity depends upon the E layer conductivity local time gradient. This result would thus suggest that E layer conductivity longitudinal/local time gradient is a connecting link between the upward propagating PWs and oscillations in the EPE and post sunset F layer height.
Conclusions
In this paper we have discussed some important aspects of the vertical coupling processes of the equatorial atmosphere-ionosphere system that play key roles in the widely observed day-to-day variability of the evening prereversal electric field enhancement/vertical plasma drift that has consequences on the spread F/plasma bubble developments. We focused on the effects of upward propagating planetary waves on the EPE and ESF and on the interactive role of evening sporadic E layers in them. The main conclusions of this paper (supported by other recent results referred to in this paper) may be summarized as follows: large day-to-day variation in the evening prereversal electric field and spread F can be caused by upward propagating planetary waves; sunset E layer conductivity, with its longitudinal/local time gradient, modulated by the E layer winds plays a leading role in the variability of the EPE and postsunset F layer heights that account for part of the ESF variability (the planetary wave modulation of the tidal modes appears to be responsible for the variability in the E layer winds); the role of evening sporadic E layers in the EPE and ESF appears to operate in interactive ways and is dependent on the latitude of their occurrence, closer to the dip equator their development being negatively influenced by the EPE. This relationship and especially the interactive role of the E s layers from latitude farther away form the dip equator needs to be evaluated from analysis of more data.
